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Motivation

Active Flow Control for high- il I.If ol
lift SYSt€MS  for targe twin-engine transport jet *

* Lmax +1%C;, o 4400 Ib (~22 passengers)

e L/D +1%L/D o 2800 Ib (~14 passengers)

* C, modulation in the linear

I|ft regime .o.10 AC}, o< 14 in reduction in hignaing gear
« 1400 Ib (~7 passenger)

* P. Meredith, “Viscous phenomena affecting high-lift systems and suggestions for future CFD development. High-lift System Aerodynamics,”

2
AGARD CP 515, pp. 19(1)-19(8), 1993.



Active Flow Control (AFC)

Flow Phenomenon

Active Flow

Control

Devices and Actuators Controls & Sensors
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*Lift curve is taken from : Johnson, S. J., Baker, J. P., van Dam, C. P., and Berg, D., “An overview of active load control techniques for wind
turbines with an emphasis on microtabs," Wind Energy: An International Journal for Progress and Applications in Wind Power Convetsion
Technology 13(2-3), 2010, pp. 239-253.



Microtab and Microjet
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* Lift curve is taken from : Johnson, S. J., Baker, J. P., van Dam, C. P,, and Berg, D., “An overview of active load control techniques for wind
turbines with an emphasis on microtabs," Wind Energy: An International Journal for Progress and Applications in Wind Power Converéion
Technology 13(2-3), 2010, pp. 239-253.



Theoretical Developments

Assume: thin jet, inviscid, irrotational, and doesn’t mix with the flow
external to the jet
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Theoretical Developments

Irrotational flow assumption
1 1

2 2
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Assume small perturbations, and that u velocity is outside of boundary layer, entrainment

region and recirculation region N Uso = 1(uy +uz) and Uj — 3(o1 +v3).
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Theoretical Developments

Uy — .
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Lift is augmented due to

i) Reaction due to the vertical
component of the microjet
momentum force

ii) Due to the vertical component of
the pressure on the airfoil surface
which is modified by the asymmetry
microjet creates in the flow-field




Theoretical Developments

Optimal Location for Circulation Control
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Project Scope

Selection of airfoil configuration

CFD validation / computational sensitivities

Surface and volume grid sensitivities
Grid connectivity

Solver sensitivities

2D microjet configuration studies

Microjet and microtab comparison
Microjets effects over angle of attack range
Control volume analysis

Momentum coefficient sweeps

Microjet chordwise location and width

Extensive CFD studies of microjets

2.5-D: Microjet effects on infinite sheared

wing

3D: Application of microjets on CRM

* Turbulence model
* Transition modeling

e Farfield extent

* Initial power requirement analysis
* Microjet inlet velocity profile and effects of
modeling as boundary condition vs. plenum

* Varying flap deflection and separation effects

Pulsed vs. steady microjet

Mach number and Reynolds number effects

Publications:

Journal of Aircraft in progress

Journal of Aircraft paper in review

Journal of Aircraft paper DOI: 10.2514/1.C035248
AIAA paper 2019-3498 (Aviation 2019)

AIAA paper 2019-0590 (SciTech 2019)

AIAA paper 2018-0559 (SciTech 2018)




Computational Studies

e Summary of the computational setup on baseline multi-element airfoil
NLR7301

2D investigations on the NLR7301 flaps 20° and 30°
e 2.5D (infinite sheared wing) the NLR7301 flap 30°
e CRM-HL in landing configuration

Fidelity

Complexity
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Computational Studies

e Summary of the computational setup on baseline multi-element airfoil
NLR7301

Fidelity

Complexity
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Airfoil Definition*

* NLR7301: flap chord is 32%c. ¢
* Flap deflection 20°, overlap 0.053 c,..f, gap 0.026 ¢y ¢
e 2-dimensional a = 6°, Re = 2.51E6,and M = 0.185

0.3

‘— Flap20°
0.2
0.1
]
S 0.0
~
N \
-0.1
-0.2
-0.3
0.0 0.2 0.4 0.6 0.8 1.0 1.2

X/ Cref

*Vandenberg, B. and Oskam, B., “Boundary layer measurements on a two-dimensional wing with flap and a comparison

with calculations," In AGARD Turbulent Boundary Layers 14 p (SEE N80-27647 18-34), 1980.



Airfoil Definition

* NLR7301: flap chord is 32%c. ¢

* Flap deflection 20°, overlap 0.053 c,..f, gap 0.026 ¢y ¢
e 2-dimensional a = 6°, Re = 2.51FE6,and M = 0.185

0.3| " NLR7301 flap 20 deg. geometry *
_— Common Research Model slat 30 deg. and flap 37 deg. wing cross section at Y = 360.0 [in]_‘
0.2
0.1
5 0.0
]
N
-0.1
-0.2
-0.3
0.0 0.2 0.4 0.6 0.8 1.0 1.2
X/Crer

*Vandenberg, B. and Oskam, B., “Boundary layer measurements on a two-dimensional wing with flap and a comparison
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2-D CFD Setup Summary

* Extensive CFD sensitivity study (solver, grid, connectivity,
turbulence model, transition) conducted in 2018

* OQOverset grid technology
O'grid tOpOIOgy grOWing 10,000C away ACd discrepancy transition related
DCF mesh connectivity CFD — fully turbulent

Exp — free transition
* RANS OVERFLOW 2
- 3" order accurate and ARC3D diagonalized approximate factorization
with matrix artificial dissipation
SST turbulence model

8
¢ Computational
6 :‘* . Exper:'imaentalla Clock Cl ACI% Cd ACd%
I Time[min] wW.r.t W.r.t
s . "'--.\ on 48 Haswell resp. resp.
2 e Processors exp. exp.
O e e 30.35 241 0.4% 0.0250 7.0%
2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Computational Studies

2D investigations on the NLR7301 flaps 20" and 30°

Fidelity

Complexity
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Microtab and Microjet Modeling

2D

a=6°, Re = 2.51E6, and Ma =0.185

Tab 1%c in height and 0.2%c thickness

m; = (pUA); Incompressible

_ ™M _ _Pjuinb _
Cu= ) Cu= LD ) Cu=

1
ZPoo U Sref

Configuration U; Cyu h; location
Ug,
Initial microjet 1.0 0.010  0.005¢,er 95%Criap

e All the simulations for microjet in the presentation are
time-accurate. The results shared are time-averaged.
 The simulations for microtab are steady.

16



Microtab and Microjet Modeling 2D

Gy Ca
Baseline (no AFC) 2.409 0.02499
Microtab 2.640 0.02965

Microjet

Mach Number: 0 005 0.1 0.15 0.2 025 03 035 04 045 05

17



Microtab and Microjet Modeling 2D

Gy Ca
Baseline (no AFC) 2.409 0.02499
Microtab 2.640 0.02965
Microjet 2.640 0.02232

Mach Number: 0 005 0.1 0.15 0.2 025 03 035 04 045 05
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Flap 20 Lift and Drag Investigation 2D

o=6°, Re = 2.51E6, and Ma =0.185 .

0.8 /—/l
Qoa ——
, | _
0.2 , ‘— Curve Fitted ACI = 3.61 v Cu k
0.0 o ] ' | | | | |
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n\_‘
—0.002 T —
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O - ! i ol
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0008} e e
—-0.010 e 2
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Drag Validation

a=0° Re = 2.51E6, and Ma = 0.185, C;, = 0.01 .

Case Integrated at C Cq

Pressure-side microjet  Surface 2.011 0.01550
Pressure-side microjet  0.3c far-field 2.011 0.01551
Pressure-side microjet  0.5c far-field 2.011 0.01551
Pressure-side microjet  0.7c far-field 2.011 0.01551

20



Spot Checks: Literature*
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Spot Checks: Literature*
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Flap 20 Lift and Drag Investigation 2D

a=6°, Re = 2.51E6, and Ma =0.185 .

3.5

3.0 .
o

2.5 ACl=+0'3/6/ /// \

- | -

O //// 4.27\ \

2.0
/ (.
1.5 ' s Experimental data (no AFC) n
: —— CFD baseline (no AFC)

—— CFD pressure side microjet, Cu = 0.01

| —— CFD suction side microjet, Cu = 0.01 | |
1.0 | |

0 5 10 15 Microjet at 95%
a

flap chord with a
fixed width of
0.005 refence

chord

F = f(_P6U +Tij) le dA+jpulu]n]dA

L = —E,sina + F,cosa
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Flap 20 Lift and Drag Investigation 2D

o=6°, Re = 2.51E6, and Ma =0.185 .

3.5

30[ac, = -o.mV/_*_‘
. ° S res=2 s
/"‘j 2.5
3.0 / j)ﬂ g, _ f //Vacd = +0.0043
— *
AC; =+0.36
2 5|2 e / 15

1-0 { I L {
™y -0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06
O //// AC, =-0.27 \ \

2.0 a) C4_total
1.5 7/Experimental data (no AFC) n
—— CFD baseline (no AFC)

—— CFD pressure side microjet, Cu = 0.01

1.0| —— CFD suction side microjet, Cu = 0.01
. | |

0 5 10 15 Microjet at 95%
a flap chord with a
fixed width of
0.005 refence
chord

3.5

F = ](_P6l] +Tij) le dA +quiuj n]dA

L = —E,sina + F,cosa
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Flap 20 Lift and Drag Investigation 2D
o=6°, Re = 2.51E6, and Ma =0.185 .

3.5 3.5

30AC, = -o.my/_*_* 3.0
— % ° - 2.5 /_/_.«-;‘.__——- 2.5
3.0 / e - v, :" AC,=+0.0043| U
2.5|2C1=+036 5 / j)ﬂ s | | .

-
v 1.0 1.0
G‘ / ~0.010.00 0.01 0.02 0.03 0.04 0.05 0.06 —0.010.00 0.01 0.02 0.03 0.04 0.05 0.06
o ~ AC; =-0.27

3.5

a) C4_total b) C4_pressure
2.0 \ . 3.5 3.5
/ \ 3.0 3.0
1.5 * Experimental data (no AFC) | 2.5 | 2.5
—— CFD baseline (no AFC) %) $)
—— CFD pressure side microjet, Cu = 0.01 2.0 ' 2.0
| —— CFD suction side microjet, Cu = 0.01 — Baseline (no AFC)
1'0 | | 1.5 15 —— Microjet (Pressure-side)
0 5 10 15 1.0 1.0 —— Microjet (Suction-side) |
a ~0.01 0,00 0.01 0.02 0.03 0.04 0.05 0.06 ~0.010.00 0,01 0.02 0.03 0.04 0.05 0.06
c) C4_viscous d) C4_momentum

F = ](—PSU + 1) njdA + j pu;u;jn;dA D = F,cosa + F;sina

L = —E,sina + F,cosa
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Flap 20 Lift and Drag Investigation 2D
a=6°, Re = 2.51E6, and Ma = 0.185 .

3.5 3.5

3.5

| | | 3.0/ AC, = -0.0110 B 3.0 |
f . ® " LT
| e Y
| | - L 20 AC, =+0.0043| O, / /
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' \ 3.0 — Sasas 3.0
1.5 ' e Experimental data (no AFC) - 2.5 S| - ! ENEE RN 2.5 RRARNERRAN
} —— CFD baseline (no AFC) %) | g
—— CFD pressure side microjet, Cu = 0.01 2.0 ! T EEEmm 2.0 E o s s |
[ —— CFD suction side microjet, Cu = 0.01 | | ‘ — Baseline (no AFC)
1‘0 | | ) H 1.5 1.5 | —— Microjet (Pressure-side)
0 5 10 15 1.0 1.0 —— Microjet (Suction-side)
. .
a -0.010.00 0.01 0.02 0.03 0.04 0.05 0.06 -0.010.00 0.01 0.02 0.03 0.04 0.05 0.06
c) C4_viscous d) C4_momentum
Microjet at 95%

flap chord with a
fixed width of
0.005 refence

chord

Baseline Pressure side microjet Suction side microjet
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Computational Studies

2D investigations on the NLR7301 flaps 20° and 30°

Fidelity

Complexity
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2D Investigations on the NLR7301 Flaps 20" and 30°

* Sensitivity of microjet aerodynamic effectiveness to configuration:
Microjet chordwise location




Flap 20 Microjet Chordwise Location 2D
06", Re = 2.5166, Ma = 0.185, Iy = 0.005¢rcy, €4 =001

0.5
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0 0.05

ch Number:
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Flap 20 Microjet Chordwise Location

ACy

a=6°, Re = 2.51E6, Ma = 0.185, Cu = 0.01

——————————— .
,,,,, ..r—_,_-_‘_
Jes==c=c==s====s=========== “
..................... .-‘ T S
G 0-2 E===
4 -
0.0
80.0 82.5 85.0 87.5 90.0 92.5 95.0 97.5 100.0
0.0000
-0.0025 ’
. B ———— e — 5
-0.0050 = SE= '
: e B S “‘.- _____________________________________________ .
—0.0075 ===
—0.0100 =
80.0 82.5 85.0 87.5 90.0 92.5 95.0 97.5 100.0

Jet Location in % of Flap Chord

* Microjet lift enhancement increases as it gets closer to the trailing edge

* Microjet Drag reduction benefit decreases as it gets closer to the trailing edge




Flap 20 Microjet/Microtab Chordwise Location

2D

%ALl/d]

50

40

30

20

10

-10

a=6°, Re = 2.51E6, Ma = 0.185

I A

-@- Microjet C, = 0.01 and hj = 0.005c/r
-+ - Microtab with height = 1%c,.r and width = 0.2%Cc,er

¢ Microjet matching the same lift as microtab

87.5

90.0

92.5

Location in % of Flap Chord

Heightmicrotap= 1%Cref, Thicknessmicrotap= 0.2%Cref
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2D Investigations on the NLR7301 Flaps 20" and 30°

* Sensitivity of microjet aerodynamic effectiveness to configuration:

Microjet width




Microjet Width Sensitivity Study

NN

All the microjets are centered at 95% c¢,,, and all the widths are in % ¢ ¢

Mach Number: 0 005 0.1 0.15 02 025 03 035 04 045 0.5




Microjet Width Sensitivity Study

a=6°, Re = 2.51E6, Ma = 0.185, Cu = 0.01

0.44*—%‘7
0.42 Uj/U. Decreases for ConstantCy=0.01, | . e
T e Bt e B S— B— p———— —————— E— . A —R—
3 i : 1 j s e B S Y S B i ®
Q 0.38 : : j : e e e e e s S
< B I = e S S 3 R R
036 | w el
e,
034%41
o®
0.32
0.30 : : : :
0.002 0.004 0.006 0.008 0.010 0.012 0.014
o [ [ [
—0.002 —o—-§=— o~ Microjet slot ended at 95.7% flap chord
" --#- Microjet slot centered at 95% flap chord
-0.003 =
.|
-0004— ——— —+—— =
T -
g * ﬁ—_“::::'—':::::::_—:: ______________
-0005 — —+——— e b S
-0.006 e e
-0.007 —
0.002 0.004 0.006 0.008 0.010 0.012 0.014
h;
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Flap 20 Microjet Width Sensitivity Study 2D

Microjet is centered at 95% of the fIap a=6°, Re = 2.51E6, Ma = 0.185, Cp = 0.01

Mass flow coefficient: Cg = ‘ C —
1= PooUoo Sref 2_

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.000 0.002 0.004 0.006 0.008 0.010 0.012
Cu Cq N
0.000 0.000 : ‘
-0.001 ~ | | -0.001
» Q
< _0.004 | ~ | ~ | < _o.004
-0.006| | i B —— -0.006
-0.007 -0.007 ! ‘ 1 |
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.000 0.002 0.004 0.006 0.008 0.010 0.012
Cu Cq
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2D Investigations on the NLR7301 Flaps 20" and 30°

* Sensitivity of microjet aerodynamic effectiveness to configuration:

Preliminary air supply analysis




Preliminary System Analysis: Air Supply

) outboard flap tip Refe rence Chord: Cref 7 m
1 = 200U [ Cacdy
Jinboard flap root Airspeed. U 133 knots
. co
. 1 Use . . : .
Initial Microjet = 5Cu(7)PecUsccrractt; let spanwise extent: w; 38 m
J
Configuration
h

. o) 1 Further reductions?
- . = 0.005 W.

- L * Spanwise spacing
p2 j _ 0.00125 * Pulsed blowing

Combine & optimize

N\

AFC coverage: w;~ 38 m >
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2D Investigations on the NLR7301 Flaps 20" and 30°

* Sensitivity of microjet aerodynamic effectiveness to configuration:

Microjet transpiration velocity profile




Microjet Transpiration Velocity Profile Sensitivity

a=6°, Re = 2.51E6, Ma = 0.185, Cu = 0.01

Cy Ca
Baseline (no AFC) 2.408 0.02499
uniform BC, Cu = 0.01 2.223 0.02571
BC based on turbulent velocity profile, Cu =0.01 2.640 0.02965
BC based on laminar velocity profile, Cu = 0.01 2.720 0.03080

.

Lift coefficient is
effected by less
than 0.5% and
drag coefficient
by less than 4
counts. Using
uniform BC is
sufficient.

U=Upnax “—'(%)2]
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2D Investigations on the NLR7301 Flaps 20" and 30°

* Sensitivity of microjet aerodynamic effectiveness to configuration:

Microjet modeling: plenums




Flap 20 Microjet Modeling: Plenum 2D

a=6°, Re = 2.51E6, Ma = 0.185, Cu = 0.01

Plenum A: hj = 0.005¢,.¢ Plenum B: h; = 0.005¢,f

Plenum C: h; = 0.005¢,f Plenum D: h; = 0.00125¢,.f

Mach Number: 0 0.08 0.16 0.24 0.32 0.4 0.48 0.56 0.64 0.72 0.8
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Flap 20 Microjet Modeling: Plenum 2D

a=6°, Re = 2.51E6, Ma = 0.185, Cu = 0.01

Plenum A: ij = 0.005¢¢f Plenum B: h; = 0.005¢yf
u;u;n;d m
PlenumC:h; =0 fp J v :hy = 0.00125¢,¢f

Iieffectwe _
2
5 pooU re

SIS

Mach Number: 0 0.08 0.16 0.24 0.32 0.4 0.48 056 0.64 0.72 0.8
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Equivalent Drag 2D

a=6°, Re = 2.51E6, Ma = 0.185

Control volume analysis:
Deq. = Dpress. + Dyis. + Damom. + Dpower

. Power
= Dpress. + Dyis. + MUs — Do +

U
. %mUJZ i Wake rake
= Dcomp + MU+ U
PPy, \'L"\\
F = J(—P(SU + 7;5) njdA + J pu;u; nidA o o | Compressor
Dcomp = Eccosa + E;sina Pn:.m
Non-dimensional: AP = P, =P
C, =C . i
deq™ Ceomp + Cugy o * Gy
Configuration U; Cu G dcomp Cy,, Cl/cdcomp
Uy,
Baseline (no jet) ] ; 241 0.0250 0.0250 96.4
Initial microjet 10 0010 2.77 0.0206 0.0356 1345
1% microtab ] ; 2.64| 0.0297 0.0297 88.9
Matched microjet 06 0004 l2.64] 0.0223 0.0302 118.4
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Minor vs. Moderate TE Flow Separation 2D

Flap 30° is set up with the same
overlap and gap as flap 20°
" No experimental data for 30" 3 °° Q
flap setting o N

X/Cref

Mach Number: 0 005 01 015 02 025 03 035 04 045 05

44




Minor vs. Moderate TE Flow Separation 2D

C

Re = 2.51E6, Ma = 0.185

3.5 T

sof

207

1.0

| 1
----------------------------------------------------

: —e— CFD Baseline, No Jet

———————————————————————

———————————————————————

||—— CFD Pressure Side JetCu=0.01| | |
A I N

0

2 a 6 8 10 12 14
a
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Minor vs. Moderate TE Flow Separation 2D

C

Re = 2.51E6, Ma = 0.185

3.5 T

20|
25—
2.0{ ¥
L5
| [—— CFD Baseline, No Jet
IS || —— CFD Pressure Side JetCy=0.01 . | |
1-0 R N 1.0\11:\:1:|:1:\11:\:1:\:1:“III

0 2 a 6 8 10 12 14
a
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Flap 30 Drag Decomposition
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o=6°, Re = 2.51E6, Ma = 0.185

2D

Flap 20

Flap 30

—— Curve Fitted ACI = 3.61 VCpu k
I I
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Flap 30, Momentum Coefficient Sensitivity

C,=0.0144

0 005 01 015 0.2 025 03 035 04 045 05

Mach Number:
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Minor vs. Moderate TE Flow Separation 2D

Re = 2.51E6, and Ma =0.185

10 Flap 20 No Jet
Flap 20 Pressure Side Jet Cu = 0.01
Flap 30 No Jet
Flap 30 Pressure Side Jet Cu = 0.01

[=]
[=]

Note trailing edge separation
mitigation for flap 30

0.0 0.2 0.4 0.6 0.8 1.0 1.2
xlcref
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Baseline: Re = 2.51E6, and Ma = 0.185
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Re = 2.51E6, and Ma = 0.185, Cu = 0.01, Microjet width: hj = 0.005¢,

—e— Flap 20° No Jet, a‘Sweep
200 —e— Flap 20° Pressure Side Jet Cu = 0.01, a Sweep
—o— Flap 30° No Jet, a Sweep
—e— Flap 30° Pressure Side Jet Cu = 0.01, a Sweep
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Re = 2.51E6, and Ma = 0.185, Cp. sweep, Microjet width: h; = 0.005c
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Flap 30°, Steady vs. Pulsed Blowing

Constant Blowing Umax = 1, Umin = 1,

F+ =0.02,Umax =1, Umin=0 F+ =0.08,Umax=1,Umin=0 F+ =0.2,Umax=1,Umin=0

f=37.3[Hz] f =186.5 [Hz] f=373.0[HZz]

Time is: 0-0.027]s]
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Flap 30°, Steady vs. Pulsed Blowing 2D
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Flap 30° Mach and Re # Sensitivity

2D

C

Results at higher

Mach number
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Reynolds number
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Computational Studies

e 2.5D (infinite sheared wing) the NLR7301 flap 30°

Fidelity

Complexity
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Flap 30° Infinite Wing Study

* Infinite wing allows for study more detailed jet
effects (compared to 2D airfoil)
* Infinite wing is constructed from the 2D grid

 URANS (OVERFLOW), same as the 2D study

- 3" order accurate and ARC3D diagonalized approximate
factorization with matrix artificial dissipation

- SST turbulence model

Straight infinite wing

- Wall boundary condition sensitivity
- Spanwise resolution
o . . . . I\/I<>°
20" Sheared infinite wing s
- Wall boundary condition sensitivity

- Spanwise resolution
- Microjet effect

Top view

20° ~—
sheared
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Flap 30° Sheared Wing Lift and Drag Investigation 2.5D

o=6°, Re = 2.51E6, and Ma = 0.185

—— Curve Fitted ACI = 3.75 yCu T

- | | |
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________________ j
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* C, effect on C and C, corresponds well with two-dimensional results




Flap 30° Sheared Wing Lift and Drag Investigation 2.5D

a=6° a=6°, Re = 2.51E6, and Ma = 0.185
) % /// //
2.8 % 7 A Uz'o ' / Uz.o - / |
- / ‘/ L5 ACd =- 0.0114 15 ACd == 0-0176
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Flap 30° Sheared Wing Separation Mitigation ~ 2.5D

a) C, = 0.0000 b) C, = 0.0016 c) C, = 0.0064 d) ¢, = 0.0100

e) C, = 0.0144 f) C, = 0.0256 g) C, = 0.0324 h) C, = 0.0400

BN T 00O0O»

Mach Number: 0 0.05 0.1 0.15 02 025 03 035 04 045 05
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Computational Studies

e CRM-HL in landing configuration

Fidelity

Complexity

A
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CRM High-Lift

3D

Geometry:
e CRM_HL is wing body configuration adapted from HiLiftPW-3. Slat and flaps are
deployed at 30° and 37 ° respectively, without nacelle, pylon, tail or support
brackets. The Full Chord Gap configuration is chosen for the microjet study.

Flow condition:

* Mach number =0.2

e a=8"

* Reynold number based on MAC = 3.26 million
e MAC =275.8 inches full scale

* Domain Connectivity Function routines

* Roe upwind scheme for spatial discretization ’

e F3D Steger-Warming 2-factor Full Chord Gap

* SA-RC turbulent model

* RANS simulations on 432 Haswell processors
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CRM High-Lift: Grid Refinement 3D

a=8°, Remac = 3.26E6, and M = 0.2

Number of cells

Original medium grid by William Chan 65,423,213
Refined grid for this study 68,538,027

a) HiLiftPW-3 original medium grid b) refined grid for this study
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CRM High-Lift: Original vs. Refined Grid Solutions 3D

Cp and Cf extraction locations ~ {span=1156.13 lnches)

for HiLiftPW-3 (clean HL-CRM config)
y=1050 (eta=0.908)

o=8°, Remac = 3.26E6, and M =0.2

4 77 y=947 (eta=0.819)> 3
b, |
2
%I;’-:tlaelg mches) \i?
y=483.5 (eta=0.418) '
y=380.5 (eta=0.329)
0
£ y=174.5 (eta=0.151) -

—— Overflow simulation on the original grid, steady-state
=== Overflow simulation on the refined grid, steady-state
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X
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1.5 &
' 1.0
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0.0 J 0.0
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CRM High-Lift: Original vs. Refined Grid Solutions 3D

a=8°, Remac = 3.26E6, and M = 0.2

CL Cp
Overflow simulation using the HiLiftPW-3 original medium grid 1.752 0.1701
Overflow simulation using the refined medium grid 1.753 0.1700

Pressure Coefficient

! (1).5
a) Overflow simulation using the HiLiftPW-3
original medium grid

b) Overflow simulation using the refined
medium grid for this study
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CRM High-Lift: Preliminary Microjet Study 3D

Baseline Inboard microjet at 95% c,, and U;/U_, = 1.0
No microjet on outboard flap
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CRM High-Lift: Preliminary Microjet Study

Pressure Coefficient

1.5
™,

i-1.5

Baseline Outboard Microjet at 95% cg,, and U;/U_, =
1.0. No microjet on inboard flap

-3
-4.5
-6
-7.5
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CRM High-Lift: Preliminary Microjet Study 3D

Pressure Coefficient

1.5
™,

i-1.5

Baseline Inboard and outboard Microjet at 95% c;,,
and Uj/UM =1.0

-3
-4.5
-6
-7.5
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CRM High-Lift: Preliminary Microjet Study 3D

Pressure Coefficient

1.5
™,

i-1.5

Baseline Inboard and outboard Microjet at 95% c;,,
and Uj/UM =1.0

-3
-4.5
-6
-7.5
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CRM High-Lift: Preliminary Microjet Study 3D

a=8°, Remac = 3.26E6, M = 0.2, U; /U= 1.0

Cy, ACy Cp AC
Baseline (no microjet) 1.752 - 0.1698 -
Pressure-side microjet on the inboard flap 1.832 0.080 0.1864 0.0166
Pressure-side microjet on the outboard flap 1.789 0.037 0.1743 0.0045
Pressure-side microjet on the inboard and 1.866 0.114 0.1903 0.0205

outboard flaps

The drag coefficient associated with the microjet is thought to be
dominated by the induced drag due to lift enhancement and

Ct
nARe)

spanwise load distribution modification, (




CRM High-Lift: Inboard Mic

rojet 3D

a=8°, Remac = 3.26E6, M = 0.2, U; /U= 1.0

-Cp

Cp and Cf extraction locations {span=1156.13 lnches)

for HILiftPW-3 (clean HL-CRM config)

y=1050 (eta=0.908)
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Y
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(y values in
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=380.5 (eta=0.329)
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y=174.5 (eta=0.151)

\ 4
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CRM High-Lift: Momentum Coefficient Sensitivity 3D
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CRM High-Lift: Lift and Drag, Inboard Microjet 3D

Remac = 3.26E6, and M =0.2

2.0

. |a=8 /
1.8
,//Aq;ons

1.6

/, y

///// | +0.10 AC; *

1.4 / / & 14 in reduction in
/ . - . hlanding gear
Y « 1400 Ib (~7 passenger)

C

1.2
/

—— Pressure_side microjet, C, =0.003

1.0 W—*— Baseline (no microjet) \

0o 2 4 6 8 10 12 14
a

* P. Meredith, “Viscous phenomena affecting high-lift systems and suggestions for future CFD development. High-lift System Aerodynamics,” 74

AGARD CP 515, pp. 19(1)-19(8), 1993.



Conclusions and Contributions

* Proposed microjet as an AFC concept for lift enhancement and
separation mitigation for high-lift systems

* Extensive study conducted on the various microjet
characteristics in a building block approach (2D to 3D)
addressing microjet effects on both lift and drag

* Confirmed that the investigated trailing edge microjets can
provide significant control and produce improvements in high-
lift characteristics of an airfoil, including

* Lift enhancement and reduction (modulation in lift curve)
* Lift enhancement in terms of AC; « K\/C_M

* Separation mitigation

* Possible pressure drag reduction




Conclusions and Contributions

* Proposed mic
separation mi

e Extensive stuc
characteristic:
addressing mi

e Confirmed the
provide signifi
lift characteris

 Lift enhan

e Lift enhan
* Separatig
e Possible

[ W o BN & W e

TRLS

raVa N Wl W'

!

enhancement and

At conpited s i o s

— TRLY t
=System prototype demonstration in a space environment 3 D )

— TRL6 |
=System/subsystem model or prototype demonstration in a relevant

N T PNV 77\ T IrY" YT 7Y7Y TV "YTTOTO

__ TRLS

VYrY

environment (ground or space)
Oge Tl

rojets can

=Component and/or breadboard validation in relevant environment

nents in high-

in lift curve)

76



Follow-on Efforts - |

* CFD

* 3D CRM-HL

Investigate the pressure drag behavior

Microjet configuration studies

Solidity ratio sensitives combined with momentum coefficient
sensitivity and pulsed blowing

Upper surface blowing

Takeoff configuration for reduced flap flow separation

* Modeling of flap internal flow paths and microjets
* Predict pressure losses, determine minimum loss

configurations

e Study ram-air options
* Study hybrid flow (ram-air + pressurized air) options




Follow-on Efforts — Il and Il

e Wind Tunnel
* Test at TAMU
e Use NLR 7301 2-element airfoil model

* Study focused on jet characteristics and impact on
airfoil aerodynamic characteristics

* Determine characteristics of jet flow, including jet

angle, exit pressure and velocity profile, mass flow rate %
and associated power requirement _
* System analysis e .
* How best to apply this technology? B s M
* Synergism - focus has been on high lift but how [ i
effective can this system then be in cruise? e
* Aerodynamic load control - tab versus blowing (or s e
both?) R
* Industry involvement i

* https://www.nasa.gov/directorates/heo/scan/engineering/technology/txt_accordionl.html 78
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